Nitric oxide (NO) is a potent neuromodulator in the CNS and PNS. At the frog neuromuscular junction (nmj), exogenous application of NO reduces neurotransmitter release, and NO synthases (NOSs), the enzymes producing NO, are present at this synapse. This work aimed at studying the molecular mechanisms by which NO modulates synaptic efficacy at the nmj using electrophysiological recordings and Ca 2ϩ -imaging techniques. Bath application of the NO donors S-nitroso-Nacetylpenicillamine (SNAP) and sodium nitroprusside decreased end plate potential (EPP) amplitude as well as the frequency of miniature EPPs but not their amplitude. Ca 2ϩ responses elicited in presynaptic terminals by single action potentials were unaffected by NO, but responses evoked by a short train of stimuli were increased. Tonic endogenous production of NO was observed as suggested by the increase in EPP amplitude by bath application of the NO scavenger hemoglobin and the neuronal NOS inhibitor 3-bromo-7-nitroindazole sodium salt. A soluble guanylate cyclase inhibitor, 6-anilino-5,8-quinolinedione (LY-83583), increased EPP amplitude and occluded the effects of the NO donor, suggesting that NO acts via a cGMP-dependent mechanism. High-frequency-induced depression was reduced in the presence of the NO scavenger but not by LY-83583. However, adenosine-induced depression was significantly reduced after bath perfusion of SNAP and in the presence of LY-83583. Our results indicate that NO regulates transmitter release and adenosine-induced depression via a cGMP-dependent mechanism that occurs after Ca 2ϩ entry and that high-frequency-induced synaptic depression is regulated by NO in a cGMP-independent manner.
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Neurotransmitter release is a highly organized and regulated process that provides a large degree of plasticity and adaptability (Illes, 1986; Wu and Saggau, 1997) . It is modulated by a large number of second messengers each acting on specific elements involved in the transmitter release machinery. A very important second messenger known to regulate neurotransmitter release is nitric oxide (NO) (Brenman and Bredt, 1997) .
NO is membrane permeable, and various forms of its synthesizing enzyme, the NO synthase (NOS), are found in neuronal and non-neuronal cells (Schmidt and Walter, 1994) . In addition, most NOSs are activity dependent because of their Ca 2ϩ dependency (Bredt and Snyder, 1992) . In the CNS, there is evidence suggesting that NO might be implicated in synaptic plasticity phenomena such as long-term potentiation and depression in which it is thought to act as a retrograde messenger from postsynaptic neurons modulating surrounding presynaptic terminals (Izumi and Zorumski, 1997; Lev-Ram et al., 1997; Malen and Chapman, 1997; Calabresi et al., 1999) . The major mechanism of action of NO is the activation of a soluble guanylate cyclase that in turn produces cGMP, causing a potentiation of protein kinase G (PKG) (Schmidt et al., 1993) . Alternatively, NO has been shown to mediate post-translational modifications of proteins such as ADP-ribosylation (Duman et al., 1993) , fatty acylation (Hess et al., 1993) , and S-nitrosylation (Lipton et al., 1993) . These modifications may prevent normal interactions between proteins involved in the synaptic vesicle-presynaptic membrane specific interactions occurring during exocytosis (Meffert et al., 1994 (Meffert et al., , 1996 .
There is also compelling evidence in support of the possibility that NO is an important modulator of synaptic transmission at the neuromuscular junction (nmj). First, exogenously applied NO reduces neurotransmitter release in immature (Wang et al., 1995) and mature (Lindgren and Laird, 1994) frog nmjs. Second, NO reduces the sensitivity to neurotransmitters of perisynaptic Schwann cells (PSCs), glial cells at the frog nmj (Descarries et al., 1998) . Third, NOSs are found in skeletal muscle fibers (Silvagno et al., 1996; Okuda et al., 1997) where they are concentrated at the muscle end plate (Kusner and Kaminski, 1996) . In addition, a form of neuronal NOS has also been found in PSCs (Descarries et al., 1998) .
Although NO appears as a potent regulator of synaptic transmission at the mature nmj, there is no evidence yet whether endogenous NO is involved in the regulation of synaptic transmission, and little is known about the molecular mechanisms regulated by NO at the nmj. Thus, this work aimed to determine the mechanism of action of NO in its regulation of synaptic transmission and to test its involvement in high-frequency-and adenosine-induced depressions at the amphibian nmj.
Here, we report that there is a tonic production of NO at the frog nmj and that it reduces transmitter release via a cGMP-dependent and Ca 2ϩ -independent mechanism. We also present evidence that endogenous NO partially regulates adenosine-induced depression by a cGMP-dependent mechanism and high-frequency-induced depression by a cGMP-independent mechanism.
MATERIALS AND METHODS
E xperiments were performed on nmjs of cutaneus pectoris muscles of Rana pipiens frogs. Frogs were double pithed, and muscles with their innervation were dissected and put into a recording chamber with the bottom filled with SylGard silicon elastomer (Dow Corning). Unless stated otherwise, all experiments were performed using normal frog Ringer's solutions (120 mM NaC l, 2 mM KC l, 1.8 mM CaCl 2 , 1 mM NaHC O 3 , and 15 mM H EPES). The pH was adjusted to 7.20 with NaOH (5N). All experiments were performed at room temperature (21-23°C).
Ca 2ϩ imag ing of nerve terminals. Frogs were double pithed and were partially submerged in a 5 mM MgC l 2 Ringer's solution (no C a 2ϩ added) in a dissection dish. A small cut was made in the skin near the shoulder, and the pectoralis proprius nerve was cleared from the surrounding connective tissue, keeping the blood vessels intact. The nerve was then cut and rinsed with the Mg 2ϩ Ringer's solution to prevent the cut end of the axons from collapsing. The nerve was then put on the animal skin, and crystals of C a 2ϩ -green-1 dextran (molecular weight, 3000; Molecular Probes, Eugene, OR), a fluorescent C a 2ϩ indicator, were put next to the cut end of the nerve. The loading was performed in obscurity at room temperature for ϳ10 hr to allow the indicator to be transported to the nerve terminals. We have shown that overnight treatments such as this one do not affect synaptic transmission and synapse -glia interactions (Jahromi et al., 1992; Robitaille et al., 1997 Robitaille et al., , 1999 .
A Bio-Rad (Hercules, CA) MRC 600 confocal microscope mounted on an Olympus BH2 upright microscope was used to collect images. The 488 nm excitation line of an argon ion laser was attenuated to 1% of maximal intensity using neutral density filters, and emitted fluorescence was filtered with a long-pass filter at 515 nm. A water-immersion lens was used (Olympus 40ϫ; 0.75 numerical aperture).
T wo types of experiments were performed. First, for single pulses and for short trains of stimulation (100 Hz; 100 msec), the line scan mode of the confocal microscope was used to monitor changes in fluorescence with a greater temporal resolution (Robitaille et al., 1999) . The line scan mode permits successive readings at 2 msec intervals of a single line (0.22 m thick) that was manually positioned over the center of a nerve terminal branch observed at zoom factor 4. Files of series of 512 lines were collected and analyzed off-line. Second, for longer stimulations (100 Hz; 7 sec), images (192 ϫ 128 pixels) of nerve terminals were collected at intervals of 645 msec. Fluorescence emitted by the nerve terminals was measured, and changes in fluorescence were expressed as: %⌬F/F ϭ (F Ϫ F rest )/F rest ϫ 100.
All experiments were performed using suprathreshold stimulation, and muscle contractions were blocked using ␣-bungarotoxin (1.12 M; C albiochem, La Jolla, CA), an irreversible antagonist of nicotinic acetylcholine receptors (Dryden et al., 1974) . Only one nerve terminal was monitored for each preparation.
Electrophysiolog y. The release of neurotransmitter was evoked by stimulating the motor nerve with single stimuli at a frequency of 0.2 Hz. Muscle contractions were blocked using D-tubocurarine chloride (4.87 M; Sigma, St. L ouis, MO), a competitive antagonist of nicotinic acetylcholine receptors (Almon and Appel, 1976) . Intracellular recordings of end plate potentials (EPPs) were performed using glass microelectrodes (10 -15 M⍀) filled with KC l (2-3 M). E xperiments were performed on muscle fibers with a membrane potential more negative than Ϫ70 mV and were discarded when it depolarized by Ͼ10 mV. For analysis of spontaneous activity, recordings were performed in normal Ringer's solution without D-tubocurarine chloride. In a few experiments in which both EPPs and miniature EPPs (M EPPs) were recorded during the same experiment, muscle contractions were prevented by the use of a low- [C a 2ϩ ] Ringer's solution (0.54 mM CaCl 2 and 3.5 mM MgC l 2 ). Similar results were obtained in both ionic conditions. Synaptic responses were recorded using an amplifier from Warner Instruments Corporation (gain of 10ϫ) and then f urther amplified (100ϫ) and filtered by a low-pass four-pole Bessel filter at 2 kHz (Warner Instruments Corporation). Data were acquired using a Digidata 1200 board controlled by the software Tomahacq (created by Mr. T. A. Goldthrope, University of Toronto) that was also used for data analysis. Only one muscle fiber was monitored on each preparation.
Drugs. Stock solutions of S-nitroso-N-acetylpenicillamine (SNAP; C albiochem), 6-anilino-5,8-quinolinedione (LY-83583; C albiochem), and 3-bromo-7-nitroindazole sodium salt (3Br7NiNa; C albiochem) were prepared in DMSO (Sigma) at 50, 40, and 250 mM, respectively. SNAP and 3Br7NiNa solutions were kept in the dark. Additional dilutions of SNAP (50 -100 M), LY-83583 (40 M), and 3Br7NiNa (100 M) in physiological solutions were prepared just before use.
Stock solutions of adenosine (Research Biochemicals, Natick, M A), 8-bromo-cGM P salt (8-Br-cGM P; C albiochem), and sodium nitroprusside (SN P; C albiochem) were diluted in water at 10, 10, and 50 mM, respectively. Additional dilutions of adenosine (10 M), 8-Br-cGM P (100 M), and SN P (50 M) were made in physiological solutions just before use. Physiological solutions containing hemoglobin (30 M) were prepared the day of the experiments.
Drugs were applied continuously with bath perf usion (2 ml /min) at room temperature.
Statistical anal ysis. All results are expressed as the mean Ϯ SEM. In most experiments, two sets of data obtained from the same nmj were compared using a Student's paired t test. Otherwise, Student's t test was used to compare two sets of data obtained from different nmjs, and an ANOVA was used when three sets were compared.
RESULTS
The mechanisms of action of NO at the frog nmj were first investigated using electrophysiological and Ca 2ϩ -imaging techniques. The involvement of endogenous NO in the production of synaptic depression induced by high-frequency stimulation and adenosine was then determined.
Exogenous NO reduces transmitter release
It was reported previously that SNP, an NO donor, reduced neurotransmitter release at the frog nmj (Lindgren and Laird, 1994) . Here we show that SNAP, another NO donor (Ignarro et al., 1981; Southam and Garthwaite, 1991) , produced similar effects. Indeed, bath application of SNAP (50 M) decreased EPP amplitude by 36 Ϯ 3% (Fig. 1 A) (3.7 Ϯ 1.0 mV in control vs 2.3 Ϯ 0.6 mV in SNAP; p Ͻ 0.01, Student's one-tail paired t test; n ϭ 10). The effects began after 5 min of perfusion with SNAP and were complete in 20 min. When tested, no reversal of the effects Note that SNAP significantly reduced MEPP frequency, whereas it had no effect on MEPP amplitude (*p Ͻ 0.05, Student's one-tail paired t test).
of the NO donor was detected for up to 90 min after its removal from the perfusion (data not shown).
To determine whether the effects of NO were presynaptic or postsynaptic, MEPP frequency and amplitude were measured in control and after a 30 min exposure to SNAP. Changes in MEPP frequency would be an indication of presynaptic changes in the probability of neurotransmitter release, whereas a change in MEPP amplitude and/or time course would indicate postsynaptic changes. In the presence of SNAP (100 M), MEPP frequency was reduced by 39 Ϯ 7% (5.27 Ϯ 2.48 Hz in control vs 3.32 Ϯ 1.81 Hz in SNAP; p Ͻ 0.05, Student's one-tail paired t test; n ϭ 5), whereas MEPP amplitude did not change significantly (567 Ϯ 124 V in control vs 667 Ϯ 161 V in SNAP; p Ͼ 0.05, Student's two-tail paired t test; n ϭ 4) ( Fig. 1 B) . The reduction in MEPP frequency combined with the lack of effect on MEPP amplitude is consistent with presynaptic effects of NO. Thus, the reduction in EPP amplitude by NO was caused by a decrease in the probability of transmitter release.
The reduction in MEPP frequency is somewhat surprising because Lindgren and Laird (1994) reported that SNP had no effect on MEPP frequency at frog sartorius nmjs. This difference could be explained by the different nature of the NO donors used or by the different properties of the two synapses. This was tested by monitoring the effects of SNP on the cutaneus pectoris nmj. Similar to SNAP, SNP (50 M) not only reduced EPP amplitude by 60 Ϯ 12% (6.8 Ϯ 1.0 mV in control vs 2.5 Ϯ 0.5 mV in SNP; p Ͻ 0.05, Student's one-tail paired t test; n ϭ 3) but also reduced MEPP frequency by 44 Ϯ 14% (4.09 Ϯ 0.54 Hz in control vs 2.38 Ϯ 0.65 Hz in SNP; p Ͻ 0.05, Student's one-tail paired t test; n ϭ 4) and did not change MEPP amplitude (456 Ϯ 63 V in control vs 487 Ϯ 83 V in SNP; p Ͼ 0.05, Student's two-tail paired t test; n ϭ 4). The fact that both NO donors had the same effects at the cutaneus pectoris nmj but somewhat different effects at the sartorius nmj (Lindgren and Laird, 1994) indicates that NO effects may vary according to the properties of the synapses.
Is endogenous NO produced in a tonic way?
To test whether NO was tonically produced at the frog nmj, synaptic transmission was monitored in the presence of hemoglobin, an NO scavenger (Murad et al., 1978) . If there were a tonic production of NO at this synapse, the presence of an NO scavenger should cause an increase in EPP amplitude. As shown in Figure 2 A, bath application of hemoglobin (30 M) caused a 28 Ϯ 6% increase in EPP amplitude that raised from 5.2 Ϯ 0.6 mV (control) to 6.7 Ϯ 0.8 mV (hemoglobin; p Ͻ 0.01, Student's one-tail paired t test; n ϭ 5).
This result suggests that there was a tonic production of NO at the frog nmj maintaining the synapse in a depressed state. If this were the case, blocking NO synthase activity should also increase transmitter release. This was tested by perfusing the neuronal NO synthase inhibitor 3Br7NiNa (Chapman et al., 1995) while monitoring its effects on EPP amplitude. As shown in Figure 2 B, bath application of a small concentration of 3Br7NiNa (100 M) (Wegener et al., 2000) increased EPP amplitude by 47 Ϯ 18% (4.5 Ϯ 0.7 mV in control vs 6.5 Ϯ 1.0 mV in 3Br7NiNa; p Ͻ 0.05, Student's one-tail paired t test; n ϭ 5). When tested, hemoglobin (30 M) had no additional effect when perfused after 3Br7NiNa effects were complete (data not shown). These results indicate that there was a tonic production of NO at the frog nmj.
Is NO affecting Ca 2؉ entry in nerve terminals?
Knowing that neurotransmitter release is closely regulated by the intracellular Ca 2ϩ concentration in nerve terminals (Katz and Miledi, 1967; Adler et al., 1991; Zucker, 1993) , we tested whether NO could modulate the Ca 2ϩ concentration in nerve terminals, either by reducing Ca 2ϩ entry triggered by action potentials and/or by affecting the resting level of Ca 2ϩ in nerve terminals. Ca 2ϩ -green-1 dextran was backfilled into nerve terminals, and changes in the fluorescence of living terminals were monitored using confocal microscopy. Figure 3A , top, illustrates a confocal image of nerve terminal branches loaded with Ca 2ϩ -green-1 dextran seen in false colors, and Figure 3A , bottom, shows a Ca 2ϩ response induced by a brief train of stimuli (100 Hz; 100 msec) obtained using the line scan mode.
The effects of NO on Ca 2ϩ responses evoked by single pulses were first monitored. As shown in Figure 3B , Ca 2ϩ responses were unchanged in the presence of SNAP (100 M; 30 min exposure). The average maxima of Ca 2ϩ responses were 13.5 Ϯ 1% ⌬F/F in control and 13.5 Ϯ 1% ⌬F/F in the presence of NO ( p Ͼ 0.05, Student's one-tail paired t test; n ϭ 4). The area under the curve of Ca 2ϩ responses was also unchanged by SNAP (1867 Ϯ 768% ⌬F/F ϫ msec in control vs 2053 Ϯ 803% ⌬F/F ϫ msec in SNAP; p Ͼ 0.05, Student's one-tail paired t test; n ϭ 4), indicating that NO did not change the duration of Ca 2ϩ responses evoked by single action potentials in nerve terminals. Therefore, the effects of NO on EPP amplitude cannot be explained by a reduction of Ca 2ϩ entry that would change the global level of Ca 2ϩ in nerve terminals. We next tested the effects of NO on Ca 2ϩ entry during a train of stimuli at high frequency (100 Hz; 100 msec). Surprisingly, the amplitude of Ca 2ϩ responses was significantly higher in the presence of the NO donor (SNAP, 50 M; 30 min exposure) than in control; the average maximum relative change in fluorescence was 160 Ϯ 22% ⌬F/F in control and 184 Ϯ 27% ⌬F/F in the presence of SNAP (Fig. 3C) We then tested whether more prolonged stimulation would reveal a more pronounced effect of NO on the Ca 2ϩ responses. However, with stimulations at 100 Hz for 7 sec, there was no increase in the amplitude of Ca 2ϩ responses in the presence of SNAP (50 M) (Fig. 3D ) (213 Ϯ 23% ⌬F/F in control vs 222 Ϯ 17% ⌬F/F in SNAP; p Ͼ 0.05, Student's one-tail t test; n ϭ 10). Also, the area under the curve of Ca 2ϩ responses evoked by this type of stimulation with SNAP was not significantly different from control (5220 Ϯ 579% ⌬F/F ϫ msec in control vs 6633 Ϯ 657% ⌬F/F ϫ msec in SNAP; p Ͼ 0.05, Student's one-tail t test; n ϭ 10). As a whole, these results indicate that NO effects on transmitter release cannot be explained by a global reduction in Ca 2ϩ entry in the nerve terminal.
Is NO affecting the resting level of Ca 2؉ in nerve terminals?
We questioned whether NO would decrease the resting Ca 2ϩ concentration in nerve terminals because MEPP frequency is sensitive to the resting level of Ca 2ϩ in nerve terminals (Erulkar and Rahamimoff, 1978) and because MEPP frequency was reduced in the presence of NO. We monitored the resting fluorescence of living nerve terminals in 11 experiments in control and during bath application of SNAP (50 -100 M). There was no change in the fluorescence of nerve terminals in the presence of the NO donor where the baseline fluorescence was 29 Ϯ 5 pixel values in control and 31 Ϯ 6 pixel values after 30 min of perfusion with SNAP (50 -100 M) ( p Ͼ 0.05, Student's one-tail paired t test; n ϭ 11). It is unlikely that the lack of effect was caused by a lack of sensitivity because we reported, in similar conditions, small significant reduction in resting levels of Ca 2ϩ as a consequence of a reduced Ca 2ϩ gradient created by chelating extracellular Ca 2ϩ with EGTA (Robitaille et al., 1999) . Therefore, the effects of the NO donors on MEPP frequency cannot be explained by a reduction in the level of resting Ca 2ϩ of nerve terminals. However, because only bulk Ca 2ϩ was monitored, local differences in Ca 2ϩ concentration near active zones cannot be excluded.
Do guanylate cyclase-cGMP-dependent mechanisms modulate transmitter release?
The main mode of action of NO that has been reported is the activation of a soluble guanylate cyclase and the production of cGMP (Schmidt et al., 1993) . First, we considered whether a functional cGMP pathway was present and whether its activation could mimic the effects of NO. We monitored the effects of 8-Br-cGMP, a cell-permeable cGMP analog (Meyer and Miller, 1974) , on synaptic transmission. Similar to SNAP, 8-Br-cGMP (100 M) decreased EPP amplitude by 26 Ϯ 4% (Fig. 4 A; 4.80 Ϯ 0.77 mV in control vs 3.63 Ϯ 0.25 mV in 8-Br-cGMP; p Ͻ 0.01, Student's one-tail paired t test; n ϭ 6).
Because the presumed target of NO is a soluble guanylate cyclase, we used LY-83583, an inhibitor of that enzyme (Mülsch et al., 1988) , and monitored its effects on synaptic transmission. As shown in Figure 4 B, bath application of LY-83583 (40 M) increased EPP amplitude by 44 Ϯ 9% (4.34 Ϯ 0.75 mV in control vs 5.76 Ϯ 0.84 mV in LY-83583; p Ͻ 0.001, Student's one-tail paired t test; n ϭ 14). As shown in Figure 4C , the effects of LY-83583 were presynaptic because MEPP frequency increased from 3.83 Ϯ 0.79 Hz in control up to 7.26 Ϯ 1.71 Hz in the presence LY-83583 (40 M; p Ͻ 0.01, Student's one-tail paired t test; n ϭ 6), whereas MEPP amplitude did not change (62 Ϯ 24 V in control vs 631 Ϯ 138 V in LY-83583; p Ͼ 0.05, Student's one-tail paired t test; n ϭ 6).
These results indicate that there is a guanylate cyclase-cGMP pathway effective at the frog nmj. Similar to NO effects, activating that pathway reduced transmitter release, whereas blocking it increased transmitter release similar to the blockade of NOS activity with 3Br7NiNa. Also, these results strongly suggest that there is a tonic activity of that pathway at the frog nmj.
Is NO activating guanylate cyclase-cGMP-dependent pathways?
If the effects of NO on transmitter release were mediated by the activation of a soluble guanylate cyclase, the presence of LY-83583 should occlude the effects of SNAP. LY-83583 (40 M) was first perfused for 30 min to reach a stable and maximal effect on EPP amplitude, and SNAP (100 M) was then perfused along with LY-83583 (40 M). As shown in Figure 4 D, the presence of LY-83583 prevented the effects of SNAP while EPP amplitude was reduced only by 4 Ϯ 3% (4.12 Ϯ 0.46 mV in LY-83583 vs 3.95 Ϯ 0.44 mV in LY-83583 and SNAP; p Ͼ 0.05, Student's one-tail paired t test; n ϭ 6). Therefore, these results indicate that a guanylate cyclase-cGMP pathway mediated the effects of NO on EPP amplitude.
Does NO affect high-frequency-induced depression?
Because exogenous application of NO caused a depression of synaptic transmission and because NO is endogenously produced at the frog nmj, we considered whether NO would be involved in the depression induced by high-frequency (Ͼ10 Hz) stimulation of the motor nerve (Meriney and Grinnell, 1991; Robitaille, 1998) .
We first tested the effects of the NO chelator hemoglobin on high-frequency-induced depression. If NO was indeed implicated in that form of depression, the amount of synaptic depression would be reduced in the presence of the NO scavenger. As shown in Figure 5 , A and B, the presence of hemoglobin (30 M) in the perfusion reduced the amount of depression from 63 Ϯ 6% (control) down to 49 Ϯ 9% ( p Ͻ 0.05, Student's one-tail paired t test; n ϭ 6). Therefore, these results suggest the existence of an endogenous NO production that modulates the high-frequencyinduced depression at the frog nmj. Because the guanylate cyclase inhibitor mimicked the effects of the NO scavenger, one would expect that it should have effects on synaptic depression similar to those of the NO scavenger. To test whether the modulation of high-frequency-induced depression by NO was mediated via a cGMP-dependent mechanism, we tested the effects of LY-83583 on this form of depression. The presence of LY-83583 in the perfusion should mimic the effects of hemoglobin if NO was modulating this synaptic depression via the activation of a soluble guanylate cyclase. However, as shown in Figure 5 , C and D, there was no reduction in the amount of depression in the presence of LY-83583. In fact, the amount of depression was significantly higher in all experiments; it increased from 40 Ϯ 11% in control up to 52 Ϯ 12% in the presence of LY-83583 (40 M) ( p Ͻ 0.01, Student's one-tail paired t test; n ϭ 5). This increase in depression may be attributed to a larger level of transmitter release produced by the guanylate cyclase inhibitor. Indeed, depression is known to be more pronounced when the level of transmitter release is high (Zucker, 1989) ; an increase of 30% in transmitter release results in an increase in depression by ϳ15% (D. Papas and R. Robitaille, unpublished observations). Hence, these results indicate that high-frequency depression is modulated by NO via a guanylate cyclase-independent mechanism.
Is NO implicated in adenosine-induced depression?
Another form of synaptic depression at the nmj is mediated by adenosine (Silinsky, 1984) and develops slowly at moderate rates of stimulation (ϳ2 Hz) (Redman and Silinsky, 1994) . Interestingly, as seen in NO-induced depression of transmitter release, it was shown recently that the adenosine-dependent depression does not affect Ca 2ϩ entry or resting [Ca 2ϩ ] in the nerve terminal (Robitaille et al., 1999) . Moreover, adenosine was also shown to regulate the level of depression elicited by high-frequency stimulation (Meriney and Grinnell, 1991) , and there is evidence that adenosine stimulates NO production in endothelial cells (Li et al., 1995) .
The level of synaptic depression induced by adenosine was first determined. In control experiments in which adenosine (10 M) was applied alone without any other treatment, a reduction of 53 Ϯ 3% in transmitter release was observed (5.77 Ϯ 0.79 mV in control vs 2.78 Ϯ 0.45 mV in adenosine; p Ͻ 0.001, Student's one-tail paired t test; n ϭ 10). This is consistent with values reported previously in the literature (Silinsky, 1984; Redman and Silinsky, 1994; Robitaille et al., 1999) . If NO-dependent mechanisms were involved in the adenosine-induced depression, their activation would occlude the effects of subsequent application of adenosine on transmitter release. As shown in Figure 6 A, bath application of adenosine (10 M) after a 30 min perfusion with the NO donor SNAP (50 M) still significantly reduced transmitter release ( p Ͻ 0.01, Student's one-tail paired t test; n ϭ 6), whereas EPP amplitude was reduced by 42 Ϯ 4% (2.13 Ϯ 0.49 mV in control vs 1.20 Ϯ 0.29 mV in adenosine). However, the adenosine-induced depression after bath application of SNAP was significantly smaller than the one observed when adenosine was applied alone (Fig. 6C) ( p Ͻ 0.05, ANOVA), suggesting that part of the adenosine-induced depression was occluded by the presence of the NO donor.
We next investigated whether guanylate cyclase-dependent mechanisms regulate adenosine-induced depression. This was tested by monitoring the effects of adenosine after bath application of LY-83583 (40 M). As shown in Figure 6 B, adenosine significantly reduced EPP amplitude in the presence of LY-83583 by 42 Ϯ 2% (6.37 Ϯ 1.73 mV in control vs 3.63 Ϯ 0.95 mV in adenosine and LY-83583; p Ͻ 0.05, Student's one-tail paired t test; n ϭ 4). However, this reduction in transmitter release was significantly smaller in the presence of the guanylate cyclase inhibitor than when adenosine was applied alone (Fig. 6C) ( p Ͻ 0.05, ANOVA). These results suggest that adenosine-dependent depression was partially regulated by NO via guanylate cyclasedependent mechanisms.
DISCUSSION
Here we report that NO reduces the amount of neurotransmitter released via a cGMP-dependent pathway and that a tonic production of NO occurs at this synapse. This regulation cannot be accounted for by a global reduction in Ca 2ϩ entry in nerve terminals. High-frequency-induced depression is partially modulated by NO possibly via cGMP-independent mechanisms, whereas adenosine-induced depression is also modulated by NO but via cGMP-dependent mechanisms. Hence, NO is an important endogenous regulator of synaptic efficacy at the adult amphibian nmj.
NO reduces synaptic efficacy at the amphibian synapse
The reduction in synaptic transmission by NO was consequent to a reduction in neurotransmitter release because the NO donors SNAP and SNP reduced EPP amplitude and MEPP frequency without affecting MEPP amplitude and time course. This is consistent with the data on cultured immature frog nmj (Wang et al., 1995) . However, Lindgren and Laird (1994) reported that SNP reduced transmitter release without affecting MEPP frequency at a mature nmj of the sartorius muscle. An interesting explanation for the difference between their results and those reported here might be related to the properties of the nmjs in which the nmjs of the sartorius muscle are weaker (i.e., release less neurotransmitter per nerve terminal) than are those of the cutaneus pectoris (Grinnell and Herrera, 1980) .
Our results strongly suggest that the effects observed in our study are related to NO-dependent mechanisms. Indeed, different NO donors produced identical effects on the same preparation, suggesting that the effects were not caused by other by-products produced by the different donors. In addition, drugs that prevented NO effects or the activation of the target of NO (i.e., NO scavenger, NOS inhibitor, and the soluble guanylate cyclase inhibitor) increased transmitter release. Finally, the effects of hemoglobin were occluded by the action of the NOS inhibitor, whereas inhibition of guanylate cyclase prevented NO-induced depression during SNAP application. Lindgren and Laird (1994) showed that a brief exposure to SNP depressed synaptic transmission for as long as 60 min. We also observed long-lasting effects on synaptic transmission even after SNAP removal from the perfusion. This persistent effect of NO is not consistent with our finding that hemoglobin, 3Br7NiNa, and LY-83583 increased EPP amplitude or with the fact that hemoglobin also increased EPP amplitude in the sartorius nmj (Lindgren and Laird, 1994) . Interestingly, in cultured nmjs (Wang et al., 1995) , the long-lasting NO effects are induced after exposure for a period of 20 min, suggesting that a concentration and/or duration range of NO exposures is required to produce the prolonged effects. Also, it is likely that the release of endogenous NO differs from a bath with NO donors in terms of concentration and duration.
NO regulation of Ca 2؉ entry in nerve terminals
The NO donor did not affect Ca 2ϩ responses evoked by single action potentials but increased the responses induced by brief trains of stimuli, suggesting that NO modulates a frequencydependent Ca 2ϩ mechanism. Potential targets of NO might be the sarcoplasmic Ca 2ϩ /ATPase pump that is known to be S-nitrosylated by NO (Ishii et al., 1998) and the IP 3 receptor known to be phosphorylated by PKGs (Haug et al., 1999) . Neurotransmitter release at the frog nmj is controlled by these two Ca 2ϩ regulatory mechanisms . Also, there is evidence that NO facilitates N-type Ca 2ϩ channel activation via a cGMP-PKG pathway (Hirooka et al., 2000) . These channels are clustered at active zones of the frog nmj, regulating transmitter release (Robitaille et al., 1990; Cohen et al., 1991) . Regardless of the mechanisms regulating Ca 2ϩ entry, NO reduction of transmitter release at the amphibian nmj cannot be explained by a reduction in Ca 2ϩ entry, suggesting that a regulation occurs after that step (Gray et al., 1999) . Our results further suggest that the reduction in transmitter release by NO at a higher frequency of stimulation is underestimated because of the potentiation of Ca 2ϩ entry by NO in those conditions.
Guanylate cyclase-dependent and -independent NO regulation of transmitter release
The activation of a soluble guanylate cyclase leading to the production of cGMP seems to be the main mechanism by which NO modulates transmitter release during low activity. This mechanism also seems to be involved in the regulation of transmitter release at the immature nmj (Wang et al., 1995) . At the frog nmj, NO-induced production of cGMP could activate cGMPdependent protein kinase (PKG). This possibility is supported by the evidence that PKG is present together with NOS at the rat nmj (Chao et al., 1997) and that there is a PKG-dependent regulation of transmitter release at a number of synapses (Gray et al., 1999; Yawo, 1999) including the frog nmj (Branisteanu et al., 1988) .
NO regulation of high-frequency-and adenosineinduced synaptic depression
Our results indicate that depression of transmitter release induced by repetitive stimulation at high frequency is modulated by NO as suggested by the reduction in the amount of depression in the presence of the NO scavenger. This is the first direct evidence that the production and release of NO, as shown by the partial occlusion with an NO scavenger, are directly involved in the modulation of synaptic depression at the nmj. Because transmitter release is similarly sensitive to the NO scavenger and the guanylate cyclase inhibitor, the effect of the latter on synaptic depression should have been also similar. However, the guanylate cyclase inhibitor did not reduce depression but rather increased it. Hence, this suggests that the NO regulation of synaptic depression occurs in a guanylate cyclaseindependent manner. The increase in depression may be caused by the fact that depression is larger when transmitter release is increased (Zucker, 1989 ) (Pappas and Robitaille, unpublished observations). However, a guanylate cyclase regulation of depression, unrelated to NO, cannot be excluded. In agreement with the hypothesis that synaptic depression is caused by a reduced availability of the vesicular pool (Zucker, 1989) , NO could induce post-translational changes of synaptic proteins involved in the SNAP/soluble NSF attachment protein receptor complex (Meffert et al., 1994 (Meffert et al., , 1996 , leading to a regulation of the exocytosisendocytosis cycle.
Unlike high-frequency-induced depression, adenosine-induced depression appears modulated by NO in a guanylate cyclasedependent manner as suggested by the partial occlusion of adenosine effects by an NO donor and the guanylate cyclase inhibitor. Interestingly, Hirsh et al. (1990) reported that the adenosine depression was only partially occluded by the presence of cAMP analogs. Hence, one possibility might be that part of the effects of adenosine is mediated by an NO-dependent activation of the guanylate cyclase-cGMP cascade. Alternatively, NO may regulate adenosine-induced depression by acting on the cAMPdependent system perhaps via the action of cGMP on phosphodiesterase activity (Doerner and Alger, 1988) .
Hence, our results suggest that there are two NO-dependent functional mechanisms at the frog nmj, each acting within a certain frequency range: the regulation of NO at a low level of transmitter release appears to occur via guanylate cyclasedependent mechanisms, whereas NO regulation at a higher level of transmitter release appears to occur via cGMP-independent mechanisms. Interestingly, both PKG (cGMP)-dependent and -independent NO regulations of glutamate release have been reported for rat hippocampal nerve terminals; the former is associated with a low level of NO production, and the latter is associated with a high level of NO (Sequeira et al., 1999) . Model of differential frequency-dependent regulation of transmitter release by NO. The diagram of a cross section of a frog nmj depicts a PSC covering the nerve terminal facing a muscle fiber. A, Model of the tonic action of NO at the amphibian nmj, where we propose that the tonic production of NO originates from the muscle fibers. This NO modulates transmitter release via a cGMP-dependent pathway, whereas it may keep the sensitivity of PSCs for various neurotransmitters in a reduced state. The adenosine-induced depression is also regulated by the cGMPdependent pathway that is consistent with the fact that this form of depression occurs during a low level of transmitter release. B, Proposed model of the activity-dependent production of NO by the PSCs. This would occur as a consequence of the activation of the PSCs during prolonged and repetitive stimulation that would trigger the release of Ca 2ϩ from internal stores and the activation of the neuronal type of NOS present in PSCs. This NO would then be modulating the release of neurotransmitter in a cGMP-independent manner, perhaps via direct protein modification that would alter the availability of the synaptic vesicles for exocytosis or endocytosis. GC, Guanylate cyclase; mf, muscle fiber; nt, nerve terminal; SP, substance P.
